Lunar meteorites provide a potential opportunity to expand the study of ancient (> 4000 Ma) basaltic 17 volcanism on the Moon, of which there are only a few examples in the Apollo sample collection. for KREEP-rich (an acronym for K, Rare Earth Elements and P) basalts, although analyses of other 27 lithological components in the meteorite suggest the presence of a KREEP component in the regolith 28 from which the breccia was formed and, therefore, a more probable origin for the meteorite on the 29 lunar nearside. It was not possible to determine a similar initial Pb isotopic composition from the Kal 30 009 data, but previous studies of the meteorite have highlighted the very low concentrations of 31 incompatible trace elements and proposed an origin on the farside of the Moon. Taken together, the 32 data from these two meteorites provide more compelling evidence for widespread ancient volcanism 33 on the Moon. Furthermore, the compositional differences between the basaltic materials in the 34 meteorites provide evidence that this volcanism was not an isolated or localised occurrence, but 35 happened in multiple locations on the Moon and at distinct times. In light of previous studies into early 36 lunar magmatic evolution, these data also imply that basaltic volcanism commenced almost 37 immediately after Lunar Magma Ocean (LMO) crystallisation, as defined by Nd, Hf and Pb model 38 ages at about 4370 Ma. 39 3
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Introduction 40 Lunar basalts collected during the Apollo and Luna missions have crystallisation ages ranging from 41
approximately 4300-3100 Ma, but the vast majority comprise the mare basalts collected during the 42 Apollo 11, 12, 15 and 17 missions, which have been dated to between 3800-3100 Ma (Nyquist and 43 Shih 1992 ; for a more recent summary of lunar basalt ages see also Joy and Arai 2013). The 44 crystallisation ages of the Apollo basalt samples have been combined with crater counting statistics for 45 exposed mare basalt units across the lunar surface, obtained from orbital imagery, indicating that the 46 exposed basalt flows were emplaced between 4000-1200 Ma, with a peak in basalt eruption between 47 approximately 3700-3300 Ma (Hiesinger et al. 2003; 2010) . Remote sensing evidence for ancient 48 (>4000 Ma) mare volcanism was recognised by Schultz and Spudis (1979; 1983) , who interpreted 49 "dark-haloed" impact craters as instances where basaltic flows had been buried by the ejecta deposits 50 from large impact craters, and then subsequently re-exposed by smaller impacts. These deposits of 51 buried basaltic flows were designated the term "cryptomare" (Head and Wilson 1992). More recent 52 remote sensing analyses of cryptomare deposits indicate a range of compositions consistent with the 53 exposed mare basalts (Whitten and Head 2015a) , as well as a geographical distribution of ancient 54 lunar volcanism that mirrors the nearside-farside asymmetry of the younger basaltic flows (Whitten 55 and Head 2015b). 56
Using the compositional classification scheme proposed by Neal and Taylor (1992) , the lunar mare 57 basalts can be defined first by their bulk TiO 2 content (where: > 6 wt% = high-Ti; 1-6 wt% = low-Ti; 58 <1 wt% = very low-Ti [VLT]), then by Al 2 O 3 content (>11 wt% = high-Al; < 11 wt% = low-Al) and 59 finally by K content (> 2000 ppm = high-K; <2000 ppm = low-K). Sample-based evidence for ancient 60 lunar volcanism was first identified in a number of Apollo 14 breccias, which were found to contain 61 low-Ti, high-Al basaltic clasts with high concentrations of incompatible trace elements (ITEs), some 62 of which are potentially as old as 4300-4200 Ma (Taylor et al. 1983 ; Shih et al. 1986; Individual analyses were filtered out of the final dataset if the count rates for any masses were lower 167 than 3× the average background count rates during that session. 
Data reduction 192
The datasets were processed using the approach outlined in Snape et al. 
Results 216 MIL 13317 217
The data from each clast in MIL 13317 (Table B. 1.) were first filtered following the procedure 218 outlined above and described previously by Snape et al. (2016; 2017) , in order to remove analyses 219 clearly affected by terrestrial contamination, potentially introduced by weathering prior to collection 220 of the meteorite, or during sample preparation and polishing ( Fig. 3; Fig. A Pb, the effect of terrestrial 223 contamination is apparent, as it results in analyses lying further to the right of the more radiogenic 224 uncontaminated lunar compositions ( Fig. 3; Fig. A.4 .; Table B 
.1). 225
The data from the three basaltic clasts (Clasts 1, 4 and 10) and the granitic clast (Clast 22) form trends 226 equating to Pb-Pb isochron dates of approximately 4330 Ma (Table 1; Fig. 4 ). The data from these 227 individual clast isochrons can also be combined to form a single statistically valid (MSWD = 1.19; P = 228 0.17) isochron, equating to a date of 4332±2 Ma (Table 1 Fig. 4e) . 238
In addition to having indistinguishable Pb-Pb isochron dates, the least radiogenic Pb isotopic 239 compositions measured in the three basaltic clasts are also similar ( Fig. 4f ). This is interpreted as providing the 243 best estimate (i.e. lowest possible value) for the initial Pb isotopic composition of the basaltic protolith 244 from which the clasts originated. 245 have significantly more radiogenic compositions, plotting above and left of the combined isochron for 249 the basalt clasts (Fig. 5a) can be combined with all but one of the phosphate analyses (phosphate analysis "@3" in section 2; 270 Table B1 ), to construct a weighted regression line (independent of the model value from Stacey and 271 mixing triangles described in the previous section (see also Fig. 3 (Fig. 5b) , indicatingthat there may indeed be a separate slightly older igneous precursor that has been sampled by the 301 meteorite, but which is less well preserved than the basalt clasts. 302
The more radiogenic outlying analyses from each of the clasts (those positioned above and left of the 303 basalt clast isochrons) are interpreted as contamination from a KREEP-rich lunar component in the 304 breccia matrix, which occurred during alteration of the basaltic clasts, most likely as a result of an 305
impact. This could also provide a potential source for the radiogenic compositions measured in two of 306 the K-rich glass grains, and would also be consistent with preliminary studies of the meteorite 307 geochemistry indicating that some proportion of the matrix material originated from a more KREEP-308 rich lithology (Zeigler and Korotev 2016) . Furthermore, petrologic evidence of such alteration in the 309 basalt clasts exists in the form of melt veins which cross-cut the other phases in the clasts (Fig. 9a) , 310
and post-analysis SEM and EDS mapping imagery of the SIMS spots indicate the presence of small 311 (sub-micron) Zr-rich phases (Fig. 9b-c) . (Fig. 10 ). This 324 model was calculated using the measured initial Pb isotopic compositions and ages of several Apolloundifferentiated bulk Moon). In the context of this model the bulk Moon evolved from a primitive, 327
Canyon Diablo Troilite (CDT), composition until 4376±18 Ma. At this point, the model indicates that 328 there was a major differentiation event (t 1 in Fig. 10a) Table  Click here to download Table: snape_et_al_MIL13317_tables.xlsx
